The energy dependence of the capture coefficients and the density of states (DOS) above midgap of hydrogenated amorphous silicon ͑a-Si: H͒ in annealed and light exposed states are examined by modulated photocurrent experiments. In the annealed and light exposed states, the electrons are found to interact with two different kinds of gap states through trapping and thermal release. The densities of both gap state distributions at trap depths shallower than 0.67 eV below the conduction band decrease rapidly during the initial stage of light degradation. The DOS of the annealed and light exposed states are found to cross at about 0.67 eV. In addition, a parallel increase in the capture coefficients of the gap states at trap depths lower than 0.67 eV is observed indicating a light-induced disorder. The above behavior is explained with the conversion of strained Si-Si and Si-H-Si bonds, which become highly strained during illumination, into dangling bonds near midgap.
I. INTRODUCTION
Degradation of the photoelectric properties of hydrogenated amorphous silicon ͑a-Si: H͒ upon exposure to a strong visible light has remained for many years an unresolved problem. It is of fundamental importance to understand the origin of this phenomenon, which was originally observed as a metastable decay in both the photocurrent and dark current. 1 The photocurrent degradation is thought to arise from the creation of metastable dangling bonds, which is also a characteristic of the light-induced degradation. These dangling bonds are expected to reduce the lifetime of carriers, 2 limiting the performance of solar cells based on a -Si: H. However, a good correlation between the defect creation and photocurrent decay [3] [4] [5] or solar cells performance 6 was not always observed, raising questions whether the dangling bond creation is the principal problem of the lightinduced degradation. Particularly, at the beginning of light exposure a photocurrent decay was observed that was not always followed by a concomitant metastable defect creation. It is generally assumed that the capture coefficient of the gap states and the mobility of carriers remain essentially unchanged after light irradiation. However, we have observed a metastable light-induced increase in the ratio c n / of the effective capture coefficient c n to the mobility of carriers from the modulated photocurrent (MPC) measurements, suggesting an increase in c n and/or a decay in . 5, 7 Both a carriers mobility decay and an increase in the capture coefficient of the gap states have been later reported by other experiments 8, 9 and may arise from an enhancement of the structural disorder.
The light-induced increase in the effective ratio c n / was found to take place before dangling bond creation. Based on this observation, we have earlier proposed 5 that it is the structural disorder that is first induced while breaking of highly strained bonds follows. Such a light-induced disorder, which is caused by structural changes in many lattice cites exceeding the density of the dangling bonds, was later confirmed by different experiments. [10] [11] [12] [13] Recently, we have applied our improved analysis of the MPC (Ref. 14) to the respective MPC spectra of a-Si: H films prepared in different laboratories. From this analysis, two distinct gap state distributions D 1 ͑E͒ and D 2 ͑E͒ above midgap were commonly deduced having different ratios of the capture coefficients to the carriers mobility c n 1 / and c n 2 / . 15 However, we have not examined the capture coefficients c n 1 and c n 2 at various trap depths and the respective light-induced changes. In this article, the MPC data measured using various bias light levels in annealed and light exposed states are analyzed. This will provide a more clear evidence of the existence of two different kinds of gap state distributions above midgap, the energy dependence of the capture coefficients and the respective light-induced changes. We concentrate on the initial stage of the light degradation where structural changes are taking place without an apparent defect creation. A relatively low light intensity was used for the light soaking (LS) in order to induce a gradual degradation of the film properties and to record the induced changes in detail. The two gap state distributions D 1 ͑E͒ and D 2 ͑E͒ above midgap are manifested not only in the A state, but also in the light exposed states. The absolute magnitude of each gap state distribution and the energy dependence of the respective capture coefficients are extracted from the analysis of the experimental spectra of the imaginary term of the MPC. The densities of the shallower gap states decrease during the initial stage of LS, while the respective ratios c n 1 / and c n 2 / increase. Our results are compared with those reported by other authors and the microscopic mechanism that is compatible with the light-induced changes is discussed.
II. EXPERIMENTAL DETAILS
The a-Si: H undoped films were deposited at a substrate temperature of 250°C by the conventional rf-glow discharge technique at the Energy Conversion Devices. Before LS the samples were annealed at 185°C for about 2 h and the annealed ͑A͒ state was obtained. For the dark current and photocurrent measurements Al electrodes in coplanar configuration were evaporated on the top of the films. A red light of about 10 mW/ cm 2 from light emitted diodes (LED's) with a maximum output at about 660 nm was used for the light irradiation. The photocurrent and dark current measurements and the LS were carried out under vacuum at about room temperature ͑293 K͒.
The MPC measurements were recorded by employing the frequency resolved spectroscopy to extract the characteristics of the gap states above midgap. 15, 16 In this technique, two red LED's (also peaked at 660 nm) were used for the modulated (probe) and constant (bias) band gap light, respectively. The phase shift and amplitude of the MPC i ac were measured by a lock-in amplifier as a function of the angular modulation frequency of the probe light, using various bias light intensities. 7 From these measurements, the imaginary Y term of the MPC is obtained by means of Y = eG ac AE͑sin / i ac ͒, where is the mobility of the electrons, e the electronic charge, G ac the amplitude of the alternating generation rate, A the conduction cross sectional area of the specimen, and E the applied electric field. From the Y term, the absolute DOS of each probed gap state distribution D i ͑E͒ and the ratios c n i / of the respective capture coefficients to the carriers mobility are simultaneously extracted. [14] [15] [16] Optical absorption measurements were employed by using the constant photocurrent method (CPM) (Ref. 17) in order to obtain complementary information about the density of the gap states below midgap. A monochromator and a halogen lamp were used for the CPM measurements. The relative values of the subgap absorption from the CPM were fitted on the absolute values of the absorption ͑␣ ജ 10 4 cm −1 ͒ extracted by optical transmission measurements.
The samples were first measured in the A state and subsequently in the light exposed states obtained by successive LS steps. The highest light intensity used for the optical bias was about 2 ϫ 10 14 cm −2 s −1 in order to prevent light-induced instabilities during the photocurrent measurements. Finally, the samples after the LS cycle were thermally annealed and measured again in order to examine the annihilation of the metastable phenomena and to check whether they are reversible.
III. RESULTS AND ANALYSIS
A. The probed defect states Figure 1 (a) presents the imaginary Y term of the MPC of the A state as a function of the modulation frequency . A typical example of Y spectrum in a light exposed state is presented in Fig. 1(b) . These spectra are analyzed by assuming that the interaction of electrons with the gap states above midgap through trapping and thermal release predominates over that of holes with the respective gap states below midgap. In this case, the spectra of Y term represent the sum of all the effective trapping rates 1 / b i of electrons
In the above equation each D i ͑E i ͒ is the probed distribution above midgap, E i is the respective probe energy level defined by
where t i Х nc n i is the characteristic frequency, c n i the capture coefficient for electrons, n the density of free electrons, kT the thermal energy, and N C Х 10 21 cm −3 the effective density of states at the mobility edge where the zero of the energy scale was taken. Each By assuming that only a single kind of gap state distribution D͑E͒ is probed, the Y term in the trapping-limited regime is related only to the respective D͑E tn ͒ at the E tn level and not to the deeper DOS, as it was usually assumed in the analysis of other authors. 18, 19 Upon increasing the bias light level, the E tn level shifts to shallower states while the characteristic frequency t shifts to higher frequencies. Thus the decay of Y starts to take place from higher frequencies than those with a lower bias light level. The Y term in the trapping-limited regime ͑ Ͻ t ͒ of all the experimental spectra of Figs. 1-3 is expected to have the characteristic linear dependence with decreasing frequency due to the decay of H function. However, as is shown in Fig. 3 , the experimental Y spectra at lower frequencies are in strong disagreement with the expected linear decay of H function shown by the respective broken lines. The Y spectra exhibit a characteristic "stairlike" behavior with two steps taking place at two frequencies that differ by about 1-2 orders of magnitude. These steps were commonly manifested in all the Y spectra of a-Si: H samples prepared at different laboratories. 15 Particularly, in some samples these two steps do not overlap and appear more pronounced at well separated characteristic frequencies that differ by more than two orders of magnitude (see Figs. 4 
and 6 of Ref. 15).
One may argue that the above stairlike behavior may arise from a structure in the DOS. If this is indeed the case, then one should always observe this structure at the same modulation frequencies independently of the bias light level. However, as can be seen in Figs. 2 and 3 this is not observed. The above predicted behavior of the Y spectra is demonstrated in detail using the simulated Y spectra of the example of Fig. 4(a) . In this example, two Gaussian gap state distributions are considered to be probed having a maximum density 1 ϫ 10 16 level is studied in the spectra 0-4 of Fig. 4(a) by shifting the trap quasi-Fermi level E tn at different energy levels. As far as the E tn level is at deep energies, as in the spectra 0, 1, and 2 of Fig. 4(a) , most of the frequencies correspond to the bias light-independent Y values and to the emission-limited regime ͑ ӷ t ͒. In these spectra, the probe energy level E calculated from Eq. (2) shifts to different energies above the respective E tn level by changing the modulation frequency, as is demonstrated graphically in Fig. 4(b) . Thus the E level shifts between the two Gaussian probed gap state distributions. These two distributions generate a structure in the spectral shape of the calculated Y spectra, reflecting the structure of the DOS. The structure in the calculated Y spectra resembles the stairlike structure of Figs. 1-3 . However, contrary to the experimental spectra, the structure in the calculated spectra 0, 1, and 2 of Fig. 4 (a) appears always at the same frequencies and remains unaffected by the shift of the E tn level. On the other hand, as is shown with the respective spectra 3 and 4 in Fig. 4(a) , the structure in the Y spectrum gradually disappears by shifting the E tn level through the region where the DOS structure from the two Gaussian distributions appears. This behavior is observed because most of the frequencies now correspond to the trapping-limiting regime ͑ Ͻ t ͒, where E is fixed at E tn . Thus the Y term reflects the linear decay to zero of the H function instead of the DOS structure.
The behavior of the experimental spectra upon changing the bias light level is in strong disagreement with that of the calculated spectra of Fig. 4(a) . First, the stairlike behavior of Y term is observed in all the experimental spectra of Figs. 1-3 even in the spectra of Fig. 2 with the higher bias light levels where the trap quasi-Fermi levels have been shifted at shallower states. Second, the two steps do not remain fixed at the same frequencies, but shift almost in parallel to higher frequencies upon increasing the bias light level (see Fig. 2 ). This shift is observed even in the case where the bias light level is changing in the weakest light intensity regions (see Fig. 3 ). The above observations rule out the possibility that the characteristic spectral shape of the experimental Y spectra with the two steps originates from a structure in the gap state distribution.
As Fig. 5(a) (dotted lines) . As can be seen in Fig. 5(b Fig. 5(a) . This is qualitatively a very similar behavior to that observed experimentally (see Figs. 2 and 3 ) and can be taken as a manifestation that the decay of Y at every t i arises from the suppression of the respective effective trapping rate 1
It must be emphasized that we have observed two obvious steps in the Y spectra, representing the same characteristic behavior by changing the bias light level in all the examined undoped a-Si: H films. These films have been deposited under different deposition conditions, such as various substrate temperatures, interelectrode spacing, rf powers, gas flow rates using either silane or disale with or without H, He, Ar dilution etc.
As the probe energy level remains practically at the E tn level for ഛ t i [see Fig. 5(b 
the absolute values of D 1 ͑E tn ͒, D 2 ͑E tn ͒, t 1 , and t 2 , the Y spectra that give the best fits to the experimental spectra are calculated by using Eqs. (3) and (4). The so-calculated Y spectra (solid lines) of Figs. 1-3 make always a good fit to the respective experimental spectra (points).
B. The energy dependence of the capture coefficients and DOS
The values of t i , as determined above from the fit of the experimental Y spectra, are used to determine each ratio c n i / of the capture coefficient of the probed gap states at the respective E tn level to the carriers mobility using c n i / = e t i / p , where p is the dc photoconductivity. Upon changing the bias light level, the two steps in the Y term and the respective t i shift to different modulation frequencies and trap depths. In this way, information can be deduced about the energy dependence of the capture coefficients. Figure 6 presents the extracted ratios c n 1 / and c n 2 / of the two probed D 1 ͑E͒ and D 2 ͑E͒ distributions as a function of E tn level of the A state in (a) and two light exposed states in (b) and (c). The E tn level was approximated by the quasiFermi level E Fn of free electrons as calculated from dc photoconductivity. As can be seen in Fig. 6(a) , both ratios c n 1 / and c n 2 / of the A state increase with the increase of the trapping energy, suggesting a nearly exponential energy dependence c n i = c 0 i exp͑E / E 0 i ͒ for the capture coefficients c n 1 and c n 2 with characteristic energies E 0 1 Ӎ 130 meV and E 0 2 Ӎ 80 meV, respectively. Since our basic analysis has been developed for energy independent capture coefficients, it could be inappropriate for our case where there is such an energy dependence. This is because by changing around the characteristic frequency t and lower frequencies, the respective probe energy level has a minor shift close to the E tn level [see Fig. 4(b) ]. Thus a possible energy dependence of the capture coefficients may affect the decay of Y at the characteristic frequencies. In fact, this is expected to have a minor effect in Y, providing that the energy dependence of the capture coefficients is not strong. This is demonstrated here with the aid of simulations. The net decay of Y term at lower frequencies from the decay of H function was calculated by using Eq. (3) and considering an energy dependent capture coefficient c n = c 0 exp͑E / E 0 ͒ with various characteristic energies E 0 . The so-calculated spectra are plotted in Fig. 7 (symbols) , along with those calculated assuming an energy independent c n (lines) for comparison. From this figure, it is evident that, when c n has a relatively weak exponential dependence with a characteristic energy in a region of E 0 ജ 80 meV, which includes both the observed values E 0 1 and E 0 2 , the calculated net decay of Y term around t is always practically very close to that obtained for an energy independent capture coefficient.
Therefore, as long as the energy dependence of c n is relatively weak, as in our case, then the respective decay of Y is not significantly affected by this dependence and our analysis can be safely applied to extract the ratios c n i / . As is also shown in Fig. 7 , the calculated decay of Y deviates from that found for an energy independent capture coefficient only for the cases characterized by a steep energy dependence of c n with E 0 Ͻ 80 meV. In these cases, the Y spectra cannot be fitted by assuming an energy independent capture coefficient.
Upon LS, both ratios c n 1 / and c n 2 / demonstrated in Figs. 6(b) and 6(c) represent an increase in energies shallower than 0.6-0.65 eV, while these ratios slightly decrease for the deep energies around 0.7 eV. As a result, the energy dependence of the above ratios become almost flatlike in the light exposed states, indicating that the capture coefficients become nearly energy independent.
The D 1 ͑E͒ and D 2 ͑E͒ distributions in the A state and two light exposed states, as determined from the fitting process of the Y spectra of various bias light levels, are shown in Fig. 8 as a function of the E tn level. It can be seen that in every state the relative density of the above two distributions differ by about an order of magnitude. The DOS of both D 1 ͑E͒ and D 2 ͑E͒ distributions at shallower energies than about 0.67 eV decreases upon LS, whereas the deep DOS at about 0.7 eV shows a trend to increase. As a result of these changes, a crossing between the DOS of the A state and that of the light exposed states appears at about 0.67 eV. In addition, as can be seen in Fig. 8 , most of the changes in the DOS were induced during the first 10 min of the initial stage of LS.
C. Evolution of the light-induced changes
The detailed evolution with the LS time of the ratios c n 1 / , c n 2 / , and D 1 ͑E͒, D 2 ͑E͒ at a trap depth of 0.55 eV is shown in Figs. 9(a) and 9(b), respectively. As can be seen in these figures, after the initial stage of LS, the changes in the DOS were induced with a relatively slower rate.
The evolution with LS time of the subgap absorption ␣ 1.3 at photon energy E = 1.3 eV from the CPM is shown in Fig. 9(c) . The subgap absorption ␣ 1.3 as well as the whole subgap absorption at photon energies in the region of 0.8-1.5 eV (not shown) remained fixed during the initial stage of LS. The subgap absorption ␣ 1.3 , which is considered as a measure of the dangling bond density below midgap, requires more than 60 min of LS to increase. Thus, from the constant subgap absorption at the beginning of LS, a constant dangling bond density can be concluded. A similar conclusion was deduced by Nadazdy et al. 20 from charge deep level transient spectroscopy (Q-DLTS) measurements. From these measurements the extracted neutral dangling bond density was found to be constant during the first several minutes of LS increasing at longer times in parallel with the electron spin resonance (ESR) signal. 20 Moreover, we have found that the LS time, during which the subgap absorption was practically constant, became shorter by using a stronger light irradiation intensity. 5 Although during the initial stage of LS the dangling bond density is constant, the dc photocurrent is found to decay. 5, 7 In addition, most of the light-induced decay in the dark current occurs during the initial stage of LS, as can be seen in Fig. 9(c) .
All the light-induced changes in the MPC were found to be reversible upon thermal annealing. After heating at 185°C a full recovery of all the measured properties was achieved.
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IV. DISCUSSION
A. Comparison to the results of other authors
The calculated DOS above midgap according to the defect pool model more likely corresponds to the positively charged dangling bonds D + . [21] [22] [23] Their density was predicted to increase upon LS along with the neutral dangling bond density. However, this prediction does not agree to the decay of the DOS of Fig. 8 . Such an unexpected decay of the DOS above midgap has been also deduced recently from the analysis of the Q-DLTS signal at low temperatures by Nadazdy et al. 20 These authors claimed that the decay of the DOS is due to the removal of the positively charged D + dangling bonds, producing the shift of the Fermi level towards midgap and the decay of the dark current and photocurrent. This interpretation could be supported from the parallel changes in the DOS above midgap and dark current i d at the beginning of LS [see Figs. 9(b) and 9(c)].
The light-induced changes in the DOS of Fig. 8 is also in very good agreement with the respective changes in the DOS above midgap reported by Schumm et al. 24 and Gueorguieva et al. 25 using MPC measurements as well. The above authors found that the defect density at the shallower states decreases, while that near midgap increases with LS. Thus the DOS before and after the LS represents a crossing that is also seen in our DOS at about 0.67 eV of Fig. 8 . A similar behavior with a crossing in the DOS was obtained by post transient photocurrent (TPC) experiments. 26, 28 It is worthwhile to notice that in the calculated lightinduced changes of the DOS from MPC and TPC experiments reported earlier by different authors, various simplifying assumptions have been made. Specifically, it was assumed a single capture coefficient of the probed states for the whole energy range remained unaffected by the LS. Moreover, the possible existence of different kinds of gap states with different capture coefficients was neglected. Thus, if the capture coefficients are considered to increase upon LS in the analysis of the TPC measurements, then the calculated light-induced decay of the DOS should be stronger than that reported in Refs. 26 and 28. Similarly, the light-induced increase of the DOS, usually calculated by other authors from the analysis of MPC measurements, 18 may arise from an increase in the capture coefficients, which were assumed In the present work, the capture coefficients of the two probed gap state distributions are studied systematically in the A and light exposed states as a function of the trap depth energy. This allows us to determine the absolute DOS distribution, the energy dependence of the capture coefficients, and the induced changes by LS. As can be seen from the data of the A state in Fig. 6(a) , the capture coefficients increase with the trap depth. A qualitatively similar dependence was found for the attempt-to-escape frequency 0 , extracted from the TPC experiments of Yan and Adriaenssens, 30 Antoniadis and Schiff. 31 Their results are plotted in Fig. 10 . It is known that the 0 is the product of the N C and capture coefficient c n of the gap states predominating electron trapping in the TPC ͑ 0 = c n N C ͒. According to our analysis, the D 2 ͑E͒ distribution dominates electron trapping. Thus, the 0 from TPC is reasonable to be compared with the ratio c n 2 / that is also included in Fig. 10 . As it can be seen from this figure, both 0 and c n 2 / represent a similar trend and increase with the trap depth, supporting an energy dependence for the capture coefficients. The relatively stronger energy dependence of 0 could be due to an additional possible temperature dependence, as it has been extracted from various temperatures, while the c n 2 / are extracted here from a single temperature ͑293 K͒ only.
The light-induced increase of the ratios c n 1 / and c n 2 / (Fig. 6 ) may arise from an increase of the capture coefficients and/or a decay of the carriers mobility. A relatively small decay of the carriers mobility has been reported by the photomixing technique during LS. 8 However, only a decay in the mobility is expected rather to cause a uniform increase of the above ratios of Fig. 6 in all the probed energies, instead of the observed pronounced increase at trap depths shallower than 0.6-0.65 eV. Then, it is more reasonable to conclude that it is the capture coefficients c n 1 and c n 2 of the shallow gap states that mainly increase. An increase of the capture coefficients upon LS was also reported by photoconductivity and space charge relaxation experiments. 9 Therefore the lightinduced increase of c n 1 / and c n 2 / can be attributed to an increase of the structural disorder that mainly affects the trapping probability through the enhancement of the phonon coupling, which is expected to greatly facilitate the trapping and thermal release of the electrons. Indeed, such an effect characterized by a dramatic increase in the thermal emission rate prefactor was found from DLTS upon enhancing the structural randomness by increasing the Ge content in relaxed Si-Ge alloys. 27 Hattori et al. 18 also studied the light-induced changes both in the DOS and in capture coefficients from MPC measurements recorded using the bias light level spectroscopy. Okushi et al. reported a significant light-induced increase by an order of magnitude in the electron capture cross section of P-doped a-Si: H films from isothermal capacitance transient spectroscopy. 29 These authors also found that in the lightly doped samples (0.01% P) the observed increase of the capture cross section was not followed by the creation of metastable defects.
B. Identification of the probed defects
Based on the large difference of the capture coefficients of the two kinds of probed gap state distributions above midgap, we have recently assigned them into dangling bonds having different atomic configurations. 15 The D 2 ͑E͒ distribution with the higher capture coefficient was attributed to dangling bonds with a Si-H back bond. The other D 1 ͑E͒ distribution with the lower capture coefficient was attributed to normal dangling bonds without a H atom next to them. This interpretation is in agreement with the fact that most of the dangling bonds are formed in the H depleted regions, 32 since the density of D 1 ͑E͒ is higher than that of D 2 ͑E͒. Moreover, the Si-H bond has a stretching mode of vibration of 2000 cm −1 and corresponds to a phonon energy of 0.25 eV, which is much higher than that of 0.06 eV of the normal Si-Si bonds. The relatively higher vibration mode of Si-H bond can quantitatively provide the much larger capture probability of the D 2 ͑E͒ compared to that of D 1 ͑E͒ distribution. 15 The D 2 ͑E͒ distribution with the higher capture coefficient can be alternatively attributed to other H related defects. Theoretical calculations showed that H in interstitial cites (Si-H-Si), known as three center bonds (TCB), introduce energy levels in the upper half of the energy gap in the region probed by the MPC. The TCB have also a relatively high frequency of stretching mode of vibration in the region of 1900-2200 cm −1 , which can also provide a relatively high capture probability for the carriers. The interstitial H is be-lieved to play an important role in the light degradation mechanism of a-Si: H. Upon illumination, H may migrate from a bond center to another bond center site and subsequently retrap into Si-H bonds and dangling bonds. 33 Thus, a depletion of the TCB upon LS is expected, which can explain, in general, the decay of D 2 ͑E͒. The interstitial H has been manifested in c-Si in the bond center configuration and it has been identified as a donor energy level at 0.2 eV below the conduction band. 34, 35 Fisch and Licciardello 36 proposed that the interstitial H also exists in a-Si: H in the colinear configuration, introducing defect energy levels in the upper half of the energy gap. Biswas et al., by applying tight-binding electronic structure calculations in a-Si: H models, concluded that the interstitial H remains off-center in a bridged configuration, having an unoccupied energy level in the upper half of the energy gap. 37 An initial density of TCB, which can be frozen in during the growth process, is reasonable to exist in the samples of the A state. [36] [37] [38] The origin of the TCB is probably due to the H atoms from the growth flux which may insert in strained (Si-Si) bonds at the growing film surface releasing strains. 39 Therefore the TCB are very possible candidates for the D 2 ͑E͒ distribution.
C. The microscopic mechanism of the light-induced changes
Since the decay of the DOS above midgap upon LS has been deduced not only from MPC experiments, but also from other experimental techniques like TPC and Q-DLTS, each one with different limitations, it is more likely an inherent property of a-Si: H. This decay of the DOS along with the respective crossing near midgap may arise, in general, from conversion of the shallow gap states into deep ones upon illumination. Either the weak bond to dangling bondbreaking conversion models or the charged dangling bond model, in general, can explain this behavior.
The weak bond to dangling bond-breaking conversion models can be combined with the light-induced increase of the structural disorder deduced from the increase of the respective ratios c n 1 / and c n 2 / . Specifically, as we have earlier proposed, 5 the energy released from the recombination of the light-induced electrons and holes may cause bond angle and bond length distortions, accumulating strains in some lattice cites. Thus, some weak or strained bonds at shallow energy levels become highly strained and eventually break producing dangling bonds near midgap. This mechanism is reasonable to explain the decay of D 2 ͑E͒ distribution because, as mentioned above, it could be attributed to TCB arising from the insertion of H into strained Si-Si bonds. In this case, the decay of D 2 ͑E͒ indicates the elimination of TCB as these bonds may break upon LS.
Since the D 1 ͑E͒ distribution demonstrates a very similar behavior with that of D 2 ͑E͒ and also decays upon LS, then more likely it could be attributed to antibonding states of strained Si-Si bonds located in H depleted regions. If a highly strained Si-Si bond breaks, then a pair of dangling bonds is formed, which is unstable because bond reformation may take place. Besides this, pulsed ESR measurements showed that most of the native or the light-created dangling bonds are well separated from each other. 32 Thus isolated dangling bonds should be produced after bond breaking. This may be accomplished by the formation of a pair of a dangling bond and a floating bond. 40, 41 Specifically, following bond breaking, one of the Si atoms could be threefold coordinated, that is a normal dangling bond. The other Si atom could be fivefold coordinated with a Si atom from the third nearest neighbors. The fivefold coordinated Si atom is a floating bond that can move via bond switching process.
electron and a consequent decrease in the dark conductivity. This process could be supported from the decay of both the DOS above midgap and dark current [see Figs. 9(b) and 9(c)].
A serious drawback with the charged defect model is the fact that this model cannot be reconciled with the energy dependence of the capture coefficients. Specifically, the DOS near midgap should correspond to the neutral defects, whereas that at shallow energies to charged defects. Thus the capture coefficient of the deep states is expected lower than that of shallow states, which is not experimentally observed. In fact, the opposite behavior is revealed from the data of the A state in Fig. 6(a) , where the capture coefficients of the gap states near midgap found higher than those of the shallow energy levels. Therefore the weak bond to dangling bondbreaking conversion models appear more favorable to interpret our results.
V. CONCLUSION
Two kinds of gap state distributions D 1 ͑E͒ and D 2 ͑E͒ were manifested above midgap not only in the A state, but also in the light exposed states. The respective densities of these two probed distributions, that are shallower than about 0.67 eV below the conduction band, decrease upon LS. Each DOS distribution after LS represents a crossing with the respective one of the A state at about 0.67 eV. Both ratios c n 1 / and c n 2 / of the shallower energies increase upon LS, suggesting a light-induced increase in the structural disorder of the shallower gap states. The decay and the crossing in the DOS indicate conversion of shallower states into deeper ones near midgap. The observed decay of D 1 ͑E͒ and D 2 ͑E͒ distributions can be attributed to the elimination of strained Si-Si and Si-H-Si bonds, respectively. These bonds probably become highly strained during LS and eventually break producing dangling bonds near midgap.
